Abstract. The factors controlling the concentrations of HO x radicals (= OH + peroxy) in the upper troposphere (8-12 km) 
Introduction
The SONEX (Subsonic assessment: Ozone and NO x Experiment) aircraft campaign over the north Atlantic in October-November 1997 provided the first concurrent measurements in the upper troposphere of HO x radicals (HO x = OH + peroxy) and of the ensemble of species thought to control HO x production and loss: H 2 O 2 , CH 3 OOH, CH 2 O, O 3 , acetone, NO, HNO 3 , PAN, CO, and hydrocarbons. The goal of SONEX was to assess the impact of aircraft emissions on the concentrations of nitrogen oxides (NO x =NO+NO 2 ) and ozone production in the upper troposphere [Singh and Thompson, 1999] . A major step towards that goal was to understand the chemistry of HO x , which drives ozone production. An analysis of the photochemistry of ozone production during SONEX, based on the concurrent observations of HO x and NO x , is presented by Jaeglé et al. [1999] .
We use here the SONEX observations to evaluate our current understanding of HO x chemistry in the upper troposphere and to introduce some new ideas regarding the role of heterogeneous chemistry. We define the chemical family HO y including HO x radicals and their non-radical reservoirs (HO y = HO x + 2 H 2 O 2 + 2 CH 3 OOH + HNO 2 + HNO 4 ). The factors controlling HO y concentrations in the upper troposphere can then be separated into four elements [Jaeglé et al., 1997] : (1) primary HO y sources (H 2 O, acetone, and convective injection of HO y species [Chatfield and Crutzen, 1984; Prather and Jacob, 1997; Jaeglé et al., 1997; Wennberg et al., 1998 ]), (2) amplification of these primary sources through methane oxidation and the photolysis of CH 2 O, (3) chemical cycling between HO x and its HO y reservoirs, and, (4) loss of HO y . For the first time, we can quantify and examine each of these elements based on observations.
Observations
A complete list of measurements on-board the SONEX DC-8 aircraft is given by Singh and Thompson [1999] . Each instrument collected data with a different time resolution and analyzing these observations together requires merging them on a common time interval. We generally choose to average the data over the sampling time of the critical variable with the coarsest temporal resolution. For the analysis presented here we use three different types of merged datasets based on the time intervals of (1) the peroxides measurement (2-3 minutes), (2) the CH 2 O measurement (5 minutes), and (3) a constant 1-minute interval. We focus our attention on measurements taken at 8-12 km altitude, representing 80% of the entire SONEX dataset.
The aircraft sampled air masses of various origins at 8-12 km which we classify into six different categories: (1) stratospheric influence, (2) tropical marine convection, (3) midlatitude marine convection, (4) continental convection, (5) cirrus clouds, and (6) background. Median concentrations for each category are summarized in Table 1 . Observations impacted by fresh aircraft exhaust are excluded from this Table. Classification criteria and characteristics of each category are presented below.
We define air masses as having a stratospheric influence if ozone is more than 90 ppbv and CH 4 less than 1760 ppmv. This threshold of 90 ppbv is based on ozone sonde measurements at the tropopause for northern midlatitudes fall [Logan, 1994] . In these air masses the median O 3 , CO and H 2 O concentrations were of 149 ppbv, 53 ppbv, and 42 ppmv, consistent with a stratospheric influence. The highest ozone concentrations observed were 450 ppbv.
Marine air recently transported by convection to the upper troposphere is diagnosed on the basis of the concentrations of CH 3 I and C 2 H 2 . CH 3 I, which has a lifetime of 5-10 days in the upper troposphere during SONEX, has been used in previous studies as a tracer for marine convection [Liu et al., 1998; Cohan et al., 1998 ]. Low levels of C 2 H 2 (< 75 pptv), and high levels of CH 3 I (> 0.25 pptv) are interpreted as resulting from convection of clean marine air, possibly of tropical origin [Grant et al., this issue; Thompson et al., 1999] ; while higher levels of C 2 H 2 with high levels of CH 3 I are interpreted as convection of midlatitude marine air, with some influence from polluted continental sources as previously observed by Parrish et al. [1998] . We classify these two categories as tropical and midlatitude marine convection. Other species confirmed this difference between tropical and midlatitude marine air masses, including benzene (10 pptv for tropical and 25 pptv for midlatitude) and ozone (33 and 47 ppbv). High relative humidity over ice (93% and 75%), high levels of CHBr 3 (0.71 and 0.98 pptv) and relatively low levels of NO x (60 and 68 pptv) accompany both types of air masses.
Elevated NO x /NO y concentration ratios (>0.5 mol/mol), and NO y concentrations (>500 pptv) extending over large scales are interpreted as resulting from recent lightning and convective transport of NO x from the polluted boundary layer [Pickering et al., this issue; Thompson et al., 1999] . Satellite-derived lightning data show frequent occurrences of lightning discharges upwind of the SONEX region in the Gulf of Mexico, Gulf Coast states, off the east coast of the United States, and over the central subtropical Atlantic Ocean [Fuelberg et al., this issue; Pickering et al., this issue] . We refer to this category as continental convection to contrast it to the two marine convection categories with low NO x . All three types of convectively influenced air masses contain elevated levels of condensation nuclei (CN) ( Table 1) , possibly resulting from recent nucleation in air where large particles have been rained out [Clarke, 1992] .
Measurements inside cirrus clouds are diagnosed from high abundances of supermicron aerosols (from 3 to 24 µm). This diagnosis was verified by viewing the videotapes recorded by on-board cameras. For the two flights when no measurements of aerosols were collected (October 13 and November 12), we use the videotapes to determine the occurrence of measurements inside clouds. Many of the cirrus clouds sampled were part of marine convective outflows as shown by high levels of CH 3 I and CHBr 3 (0.33 pptv and 0.95 pptv).
Air masses impacted by fresh aircraft exhaust were identified from the occurrence of many spikes of elevated NO (>100 pptv above background) and CN lasting a few seconds.
These spikes were indicative of crossings of aircraft plumes .
With the above classification, we find that in the upper troposphere during SONEX, convection affected 18% of the observations (6% tropical marine, 6% midlatitude marine, 6% continental), measurements inside cirrus clouds occurred 14% of the time, air with stratospheric influence was sampled for 17% of the cases, and fresh aircraft emissions impacted the observed air for 1% of the data collected. Upper tropospheric air not included in any of the above categories was classified as 'background' air (50% of the cases).
The aerosol surface area was calculated by combining measurements from four different instruments aboard the DC-8: two condensation nuclei counters measuring particles in the 0.004-1 µm and 0.015-1 µm diameter ranges [Anderson et al., this issue] , and two size-resolved aerosol probes measuring particles in the 0.1-3 µm and 0.42-24 µm diameter ranges [Pueschel et al., this issue] . The two CN counters are total aerosol counters, and to obtain size distribution information we use the data from the Mobile Aerosol Sampling system measuring particles between 0.001 and 0.1 µm [Schmid et al., this issue] on board the Falcon aircraft during the parallel POLINAT-2 campaign. The resulting median aerosol surface area was of 8 µm 2 cm -3 during SONEX, with roughly equal contributions from aerosols in the 0.015-0.1 µm range and in the 0.1-3 µm range.
Model
Our analysis of the SONEX data is based on a 0-D photochemical model including a detailed mechanism for HO x -NO x -hydrocarbon chemistry in the troposphere [Jaeglé et al., 1997; Schultz et al., 1998 ]. Chemical species are divided in two categories; constrained and calculated.
Concentrations of constrained species are specified from observations along the flight tracks, while calculated species are assumed to be in a diel steady state defined by reproducibility of concentrations over a 24-hour solar cycle. [Jacob et al., 1996] . The minimum requirement for a calculation to be performed at a given point is that observations of NO [1997] and Atkinson et al. [1997] , with a few updates including: temperature-dependent crosssections and pressure-dependent quantum yields for acetone photolysis [Gierczak et al., 1998 ], O( 1 D) quantum yield from ozone photolysis [Talukdar et al., 1998 ], and rate constant for the OH+NO 2 reaction [Donahue et al., 1997] .
Hydrolysis of N 2 O 5 in aerosols is included with a reaction probability, ¢ N2O5 , of 0.1 [DeMore et al., 1997] . We also include reaction of HO 2 in aerosols [Hanson et al., 1992; Cooper and Abbatt, 1996] . Following the recommendation of Jacob [1999] , we assume that the uptake of HO 2 by the aerosols can be described by first order kinetics with ¢ HO2 =0.2 and the stoichiometry
These reaction probabilities are applicable only for aqueous aerosols; for dry aerosols they are considerably less [Jacob, 1999] . Bulk aerosol composition measurements during SONEX indicated frequent neutralization of SO 4 2-by NH 4 + [J. Dibb, personal communication] , in which case the sulfate aerosol would be dry at phase equilibrium [Martin, 1998 ]. However, the high relative humidities (42% median relative humidity over liquid water) should allow the aerosol to remain in a metastable aqueous form [Cziczo and Abbatt, 1999] . and J(O 1 D), were compared to observations and the difference was attributed to cloud effects [Schultz et al., 1999] . Photolysis frequencies for other species were then calculated by applying the J(O 1 D) cloud scaling factor to wavelengths less than 330 nm and the J(NO 2 ) scaling factor to higher wavelengths. During SONEX, the average cloud scaling factors for J(NO 2 ) and J(O 1 D)
were respectively 1.00 ± 0.13 and 1.08 ± 0.15. When actinic flux measurements were not available, clear-sky model calculations were used.
In addition to local calculations of OH and HO 2 concentrations, the diel steady state model is also used to infer 24-hour average production and loss rates for HO y species.
Instantaneous production and loss rates are first calculated along the flight tracks by using local observations and the model chemical mechanism. Brune et al. [1999] present comparisons of the observed and modeled OH/HO 2 concentration ratios, diagnosing the fast chemical cycle between OH and HO 2 . Agreement to within 20% is found for the ensemble of SONEX observations at 8-12 km altitude [Faloona et al., this issue] . The cycle is driven primarily by the reactions OH+CO, HO 2 +NO and HO 2 +O 3 . , outside cirrus clouds). We then focus on explaining the discrepancies at sunrise and sunset (SZA>80 § ) and inside cirrus clouds.
Comparison between observed and modeled HO x

Variance of HO x concentrations
Our model reproduces 92% of the observed variance of HO 2 concentrations during SONEX ( Figure 2 ). For OH this fraction is somewhat lower (85%), due to additional noise in the observations. The variance in the HO 2 observations for SZA<80 § is mostly driven by changes in SZA (r 2 =0.65), concentrations of NO x (r 2 =0.5), and water vapor (r 2 =0.54).
We have shown before [Jaeglé et al., 1998 ] that the variability of HO 2 concentrations in the upper troposphere could be largely accounted for by two independent variables: (1) the primary HO y source and (2) the concentration of NO x . This relationship is shown in Figure 4 for the SONEX data. In the upper panel of Figure 4 , we calculate the primary HO y source, P(HO y ), [Singh et al., 1995] . In the lower panel, in addition to H 2 O and acetone, we include supplementary primary HO y sources as required to match the observed HO 2 concentrations. These additional sources might include contributions from convected peroxides and aldehydes [Prather and Jacob, 1997; Jaeglé et al., 1997; M¨ller and Brasseur, 1999] , which we cannot quantify from our model. Their impact on P(HO y ) is small (less than 50%) except for observations in continental convective outflows with elevated NO x .
The contour lines in Figure 4 correspond to model calculations of HO 2 for the median background air conditions during SONEX (Table 1) Heterogeneous conversion of NO 2 to HONO at night followed by photolysis of HONO at sunrise is known to be an important early-morning source of HO x in urban air [Jenkin et al., 1988] . Laboratory measurements suggest that NO 2 disproportionation to HONO and HNO 3 on aqueous aerosols can be parameterized by a reaction probability NO2 = 10 -4 -10 -3 [Jacob, 1999] :
Results for a model simulation including reaction (R2) with NO2 = 10 -3 are shown in the bottom panel of Figure 5 . The observed aerosol surface areas varied between 10 and 60 µm 2 cm -3 for this flight. As a result of (R2), between 5 and 10 pptv of HONO are produced during the night (second panel in Figure 5 ). The photolysis of HONO produced through reaction (R2) is a strong enough source of HO y at sunrise to account for the observed concentrations of HO 2 after 7:30 am. Before that time, the source from (R2) seems insufficient to explain the observed HO 2 .
After 9:00 am (74 SZA), most of the HONO produced at night has photolyzed and the dominant primary sources of HO y are O( 1 D)+H 2 O and acetone photolysis.
We had previously proposed, in the context of OH and HO 2 observations in the tropical upper troposphere, a large sunrise source of HO y from the photolysis of convected peroxides [Jaeglé et al., 1997] . For the SONEX flight shown in Figure 5, Observations at sunset during SONEX are more difficult to interpret. For some flights (October 13 and 18) model and observations agree for SZA>80
, while for some others (October 15 and November 9) the model is a factor of 3-5 too low, and for one flight (October 28), the model overestimates the observations by up to 60%. The behavior of HO 2 at sunrise and sunset is very sensitive to the kinetics of HNO 4 . Poorly known rates for HNO 4 formation and loss could be an alternative explanation for these discrepancies between model and observations at sunrise and sunset [Brune et al., 1999] . Previous aircraft observations of depleted concentrations of HO 2 inside cirrus clouds [Faloona et al., 1998] On the other occasions when the DC-8 was flying inside cirrus clouds (October 28, and
Cirrus clouds
October 25), the model also overestimates the observations by up to a factor of two. Inclusion of HO 2 uptake on ice crystals brings model and observations in better agreement. Some disagreement between model and observations still persists outside of cirrus clouds [Brune et al., 1999] .
Sources and sinks of HO x and HO y
We now examine the sources and sinks of HO x and of the larger family HO y for
SZA<80
and outside of cirrus clouds at 8-12 km. Table 2 shows median HO x and HO y production and loss rates inferred from observations (see section 3) for 8-12 km altitude and 40-60 N. Observations with stratospheric influence are not included in this Table. The fairly good agreement between the total HO x production rate (146 pptv/day) and loss rate (117 pptv/day) reflects the ability of the model to simulate well the observed HO x concentrations, with a tendency to overestimate the observations by 10-20% (Figure 2) .
Sources of HO y
The median primary sources of HO y from O( 1 D)+H 2 O and acetone photolysis were of 25 pptv/day and 14 pptv/day respectively. The HO y source from acetone listed in Table 2 pptv/day was due to CH 2 O produced by methane oxidation. Methane oxidation thus amplifies the primary HO y source by a median factor of 1.7 [Logan et al., 1981] .
The peroxides contributed about 21 pptv/day of HO y , about half the primary HO y source from acetone and water vapor, with photolysis of H 2 O 2 being more important than photolysis of CH 3 OOH. Previous observations at 11-14 km in tropical convective outflows showed a much more pronounced role of convected peroxides [Jaeglé et al., 1997; Wennberg et al., 1998 ], enhancing the primary HO y source by factors of 3-5. Compared to northern midlatitudes in the fall, the more vigorous tropical convection results in the peroxides being injected at higher altitudes in a drier environment (H 2 O<50 ppmv), thus enhancing their relative impact on HO x [Prather and Jacob, 1997] .
Sinks of HO y
We find that loss of HO y is dominated by the reactions OH+HNO 4 and OH+HO 2 ( Reaction OH+HNO 4 contributes to one third of the total HO y loss for median conditions during SONEX and dominates for the high-NO x regime (>50 pptv). In contrast, it was found to be of minor importance in model analyses of previous aircraft campaigns [Jaeglé et al., 1997; Wennberg et al., 1998; Brune et al., 1998 ]. The predominant HO y loss during these campaigns was OH+HO 2 . For a given level of NO x , the ratio of the rates for OH+HNO 4 and OH+HO 2 is roughly proportional to the concentration of NO 2 . The importance of OH+HNO 4 during SONEX reflects the weak photochemical environment (northern midlatitudes fall) and hence the high NO 2 /NO x ratio. Folkins et al. [1997] also pointed to the dominant role of OH+HNO 4 as a sink of HO y in one of the cases they examined at southern midlatitudes during austral fall.
Peroxides and formaldehyde
We now examine the production and loss rates of H 2 O 2 , CH 3 OOH, and CH 2 O as constrained by the ensemble of observations aboard the aircraft including OH, HO 2 , CH 4 , acetone, NO, and photolysis rates (Table 2) . Given the relatively short lifetimes of peroxides (5 days for H 2 O 2 and 3 days for CH 3 OOH) and CH 2 O (12 hours) in the upper troposphere, we expect their production and loss rates to be roughly in balance, except in recently convected air masses.
Hydrogen peroxide
The computed production and loss rates for H 2 O 2 in (Table 1) , which are themselves due to enhancements in water vapor (and of CH 3 OOH to a lesser extent). Cycling of HO y can maintain elevated H 2 O 2 in a convective outflow for several days following the convective event [Cohan et al., 1999; Jaeglé et al., 1997] .
Accounting for the conversion of HO 2 to H 2 O 2 in aerosols could resolve the more general problem of large model overestimates of observed H 2 O 2 concentrations in aircraft observations above 8 km altitude [Jacob et al., 1996; Schultz et al., 1999; Crawford et al., 1999] . Figure 9 shows frequency distribution of the ratio of chemical loss (L) to chemical production (P) of CH 3 OOH, for the different air mass categories in Table 1 . Only data points where CH 3 OOH was above the LOD of 25 pptv are included in this figure. There is a systematic imbalance between computed production and loss of CH 3 OOH across all air masses. Table 2 shows a median imbalance between production and loss of CH 3 OOH of 2.3 for observations above the LOD. In Table 2 , we also indicate in parenthesis the production and loss rates corresponding to observations below the LOD (55% of the observations), for which we assume 12.5 pptv CH 3 OOH. These observations show a similar imbalance.
Methylhydroperoxide
Such imbalances in the CH 3 OOH budget might be expected as a result of convective influence [Prather and Jacob, 1997] . The largest imbalances in Figure 9 are found in outflows of continental convection, but this result likely reflects local suppression of CH 3 OOH production due to high concentrations of NO. The largest concentrations of CH 3 OOH were measured in marine convective outflows (Table 1) as would be expected in view of the high CH 3 OOH concentrations in boundary layer air [Cohan et al., 1999; Heikes et al., 1996] . However, the imbalance between CH 3 OOH loss and production also extends to air masses not recently affected by convection (background and stratospheric influence). One possible explanation involves the kinetics of CH 3 OOH formation. The uncertainty on the rate constant for the HO 2 +CH 3 O 2 reaction is estimated to be a factor of 3 at 235 K [DeMore et al., 1997] . A factor of two increase in this rate constant from the value used in our standard model would largely reconcile our computed chemical production and loss rates of CH 3 OOH.
Formaldehyde
The dominant source of CH 2 O in the upper troposphere during SONEX was methane oxidation, with acetone photolysis contributing about 20% and methanol oxidation about 5% (Table 2) . Non-methane hydrocarbons did not contribute significantly. For the ensemble of points where CH 2 O was above the detection limit, the sum of all computed sources is less than half the computed sink (Table 2 ). There appears to be a large missing source.
Close to 55% of the CH 2 O observations reported during SONEX were below the 50 pptv detection limit of the instrument. In Table 2 , we indicate in parentheses the production and loss rates corresponding to these observations, assuming 25 pptv CH 2 O for the observations below the LOD. With this assumption, production and loss rates of CH 2 O are in rough balance. Figure 10 shows a comparison between observations of CH 2 O and diel steady state model calculations using the observed OH, CH 4 , acetone, CH 3 OH, CH 3 OOH, and photolysis rates. For observations below the LOD, the median model-calculated CH 2 O is of 29 pptv, consistent with observations. For observations above the LOD, the model is systematically too low by factors of 2-3 and does not capture the observed variability.
Median observed CH 2 O concentrations are above the LOD only for measurements in continental outflows and in cirrus clouds (Table 1) . Convective transport of high levels of CH 2 O from the surface, especially from polluted boundary layer air [Müller and Brasseur, 1999] , can enhance upper tropospheric concentrations of CH 2 O. However, with its short lifetime of 12 hours (Table 2) , we would expect CH 2 O to adjust to chemical steady state within a day after the convective event. We searched for relationships between high observed CH 2 O and other measured species, and found the best correlation to occur with methanol ( Figure 11) . Singh et al.
[this issue] speculate that heterogeneous conversion of CH 3 OH to CH 2 O on aerosols could take place. To our knowledge, no laboratory data are available for this reaction. We calculate that the required reactive uptake of CH 3 OH on aerosols would be CH3OH 0.01. Enhanced CH 2 O inside clouds (Table 1 ) also suggests a possible heterogeneous source from reaction on ice surfaces. Exceptions to the agreement between modeled and observed HO x occur at high solar zenith angles (SZA) (model underestimates by up to a factor of 5) and inside cirrus clouds (model overestimates by up to a factor of 2). In these two cases, we propose a possible role of heterogeneous chemistry: (1) heterogeneous conversion of NO 2 to HONO in aerosols ( NO2 = 10 -3 ) during the night followed by photolysis of HONO could explain the discrepancy at sunrise and, (2) heterogeneous loss of HO 2 on ice crystals ( ICE_HO2 =0.025) could explain the discrepancy inside cirrus clouds. Uncertainties in the kinetics of HNO 4 production and loss are an alternative explanation for the observations at high SZA [Brune et al., 1999] .
Conclusions
Observations of HO
We find that the primary sources of HO y from O( 1 D)+H 2 O and from acetone photolysis are of similar magnitude for the SONEX conditions. Photolysis of acetone dominated when water vapor fell below 100 ppmv. The source of HO y from convective injection of peroxides was found to be of smaller importance during SONEX compared to previous campaigns [Jaeglé et al., 1997 [Jaeglé et al., , 1998 The set of measurements collected during SONEX demonstrates that current models can reproduce the fast photochemistry of HO x radicals in the upper troposphere to within the uncertainty in the observations, and can also account for the observed variance in HO 2 concentrations. This results lends some confidence in our ability to assess the effects of aircraft NO x emissions on ozone in that region of the atmosphere. Despite this overall good agreement, major uncertainties remain regarding (1) the sources of HO x at sunrise and sunset, (2) heterogeneous HO x chemistry in aerosols and cirrus clouds, (3) the sources of CH 2 O and CH 3 OOH, and (4) HNO 4 reaction kinetics [Brune et al., 1999] . (Oct. 13-Nov. 12, 1997) between 8 and 12 km altitude classified according to air mass origin. All the other concentrations are based on observations, using the model-computed diel cycles to convert instantaneous rates to rates averaged over 24 hours. Numbers in parenthesis for the CH 3 OOH and CH 2 O budgets are for observations below the limits of detection (LOD) . Constant values of 12.5 and 25 pptv are used respectively in calculating the loss rates for these observations. Numbers outside of parentheses are only for observations above the LOD. 1 24-hour average concentrations calculated using the model-computed diel cycles. 2 The assumed reaction probability for the heterogeneous reaction of HO 2 on aerosols is D HO2 =0.2. 
